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BioinformaticsLong noncoding RNAs (lncRNAs) represent a new frontier in molecular genetics and molecular biology. They
have a tremendous potential for advancing our comprehensive understanding of biological processes in
huma n health and disease. The transcripts of lncRNAs are easy to ﬁnd, but sorting out what they do remains
the biggest challenge in lncRNAs' research ﬁeld. In the paper, we highlight recent progress regarding the
methods to explore the roles of lncRNAs.
Crown Copyright © 2011 Published by Elsevier Inc. All rights reserved.1. Introduction
Long noncoding RNAs (lncRNAs) are transcribed RNA molecules
greater than 200 nucleotides in length. LncRNA transcripts were
ﬁrst revealed in a study using large-scale sequencing of cDNA li-
braries in the mouse [1]. With the recent development of sensitive
tiling microarrays, a growing number of lncRNAs was found that far
exceeds the number of protein-coding mRNAs in the mammalian
transcriptome [2]. The mouse transcriptome was calculated to con-
tain approximately 180,000 transcripts. However, only approxi-
mately 20,000 of these transcripts are thought to be protein-
coding genes [2,3].
Increasing studies have revealed that lncRNAs have a variety of
important functions, including the role in transcription [4], splicing
[5], translation [6], nuclear factor trafﬁcking [7], imprinting [8], ge-
nome rearrangement [9], and chromatin modiﬁcation [10]. Aberrant
lncRNA expression is found to be associated with human diseases
such as cancers, Alzhemier's disease and cardiovascular diseases
[11–16]. Thus, better understanding of lncRNA's roles will advance
our understanding of cell regulatory and disease mechanisms.
LncRNA transcripts can be easily detected, but their functions
remain to be explored. Unlike protein-coding genes which se-
quence motifs are usually indicative of function, lncRNA sequence
information is currently uninformative for function prediction [7].
Thus, how to decode the function of lncRNAs has gradually be-
come a hot issue in genome research. In this review, we willtic Resources and Utilization,
anghai 201306, China.
.
11 Published by Elsevier Inc. All righsummarize the studies regarding the methods to probe the func-
tion of lncRNAs.2. High-throughput analysis of lncRNAs expression
2.1. Microarrays
Microarrays provide a huge leap forward in the number of genes
that could be analyzed, in parallel, in a given sample. Their great capa-
bility for global or parallel gene expression analysis makes it an ideal
tool for target discovery, enabling a quick assessment of the differ-
ence in transcriptional proﬁles between different tissues or different
cell types [17,18].
Two novel microarrays were launched to assist researchers in the
study of ncRNA biology in 2008, which are the NCode™ Human and
Mouse non-coding RNA microarrays. These two high-density arrays
contain information developed by John Mattick (University of
Queensland, Australia), using algorithms that identiﬁed non-coding
transcripts present in public cloning and sequencing databases like
FANTOM3. This high-density microarray is capable of proﬁling the ex-
pression level of lncRNAs.
To identify lncRNAs involved in ES cell biology, Dinger et al.
adopted the custom-designed microarray to examine the expres-
sion proﬁles of mouse ES cells during mouse ES cell differentiation,
and identiﬁed 945 lncRNAs expressed during EB differentiation, of
which 174 were differentially expressed, many correlating with
pluripotency or speciﬁc differentiation events [19,20]. Pang et al.
used the method to analysis the expression of lncRNAs in CD8+
T cells. They revealed that CD8+ T cells express hundreds of
lncRNAs, many of which are lymphoid-speciﬁc and/or changets reserved.
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Through the microarray platform, Mercer et al. revealed that
lncRNAs exhibit dynamic expression patterns during neuronal and
oligodendrocyte (OL) lineage speciﬁcation, neuronal–glial fate tran-
sitions, and progressive stages of OL lineage elaboration including
myelination [22,23]. In additional studies, the microarray was
used to identify the lncRNAs involved in macrophage activation in
response to lipopolysaccharide; C2C12 myoblast differentiation;
the differentiation of human primary keratinocytes induced by 12-
O-tetradecanoylphobol 13-acetate (TPA), virus-infected birds, and
gonadal ridge development [24–26].
2.2. Transcriptome analysis
The transcriptome is all the transcripts in a cell, and their quantity,
for a speciﬁc developmental stage or physiological condition includ-
ing mRNAs, non-coding RNAs and small RNAs [27]. Due to its own ad-
vantage, RNA-Seq is gradually adopted to perform transcriptome
analysis. Unlike hybridization-based approaches, RNA-Seq is based
on deep sequencing, and not limited to detecting transcripts that cor-
respond to known genomic sequence [28]. In contrast with DNA
microarrays, RNA-Seq has very low background signal because DNA
sequences can been unambiguously mapped to unique regions of
the genome. RNA-Seq does not have an upper limit for quantiﬁcation,
which correlates with the number of sequences obtained [29,30].
Thus, it allows the entire transcriptome to be detected in a very
high-throughput and quantitative manner [29].
To identify the lncRNAs with potential functions in vertebrate
embryogenesis, Pauli et al. performed a time series of RNA-Seq ex-
periments at eight stages during early zebraﬁsh development. They
deﬁned a stringent set of 1133 non-coding multi-exonic transcripts
expressed during embryogenesis. These include long intergenic
ncRNAs (lincRNAs), intronic overlapping lncRNAs, exonic antisense
overlapping lncRNAs, and precursors for small RNAs (sRNAs) [31].
Anna et al. employed the RNA-seq method to analyze the gonad
transcriptome of two extreme male pigs, revealing that the differ-
entially expressed genes between Large White and Iberian showed
a signiﬁcant overrepresentation of gamete production and lipid
metabolism gene ontology categories [32]. Lin et al. conducted
RNA-Seq of human neurons derived from iPS cells, and revealed
that a part of lncRNAs are involved in neurogenesis and neuropsy-
chiatric disorders [33]. With the aid of RNA-Seq data, Oliver et al.
found that the lncRNAs are generated from the mitochondrial ge-
nome and regulated by nuclear-encoded proteins [34]. In addition,
Lee et al. used the RNA-Seq experiment to analyze transcriptome
complexity through RNA sequencing in normal and failing murine
hearts [35]. Huang et al. performed transcriptome analyses for 10
matched pairs of cancer and non-cancerous tissues from HCC pa-
tients on Solexa/Illumina GAII platform. Their results also sug-
gested that lncRNAs may play great roles in the speciﬁc biological
process [36].
3. The veriﬁcation of high-throughput data
Although microarray and RNA-Seq are excellent tools for target
discovery, there are broadly recognized variability results from lab
to lab, user to user, platform to platform. In addition, the relatively
limited dynamic range of ﬂuorescent microarrays places a limit on
the technology regarding sensitivity and speciﬁcity [37,38]. Thus,
candidate targets are required to be veriﬁed by other molecular biol-
ogy methods as shown below.
3.1. Northern blots and Q-PCR
Northern blots can directly detect the existence of RNA tran-
script and the expression pattern between tissues, organs,developmental stages, environmental stress levels and over the
course of treatment [39,40]. Quantitative real time polymerase
chain reaction (Q-PCR) is a laboratory technique to amplify and si-
multaneously quantify a targeted molecule. Q-PCR can be combined
with reverse transcription to quantify messenger RNA and non-
coding RNA in cells or tissues [41].
Furuno et al. conducted northern blots and Q-PCR to validate
eight novel lncRNAs which mapped outside known protein-coding
loci [42]. These regions were signiﬁcantly associated with micro-
RNAs and transcripts from the central nervous system. Perez et al.
performed northern blots to demonstrate the lengths of lncRNAs
transcripts involved in cancer development [43]. Q-PCR was used
to precisely quantitate the expression of each noncoding RNA in
different human tissues and in a panel of breast and ovarian can-
cers. Metastasis-associated lung adenocarcinoma transcript 1
(Malat1) ncRNA was initially characterized as a long poly-
adenylated ncRNA that is over-expressed in various cancers. North-
ern blot analysis of various mouse tissues indicated that Malat1 is
detected as a single band with elevated levels in heart, kidney
and brain [44]. Ftx (ﬁve prime to Xist) is well conserved during
evolution and contains several conserved microRNAs. It produces
a transcript with no apparent coding potential that predominantly
remains in the nucleus. Northern blot experiment reveals that
there are two major bands in most of the tissues tested, and each
likely corresponds to multiple transcripts as suggested by the anal-
ysis of ESTs and cDNAs [45].
3.2. Fluorescence in situ hybridization (FISH)
FISH is a cytogenetic technique used to detect and localize specif-
ic RNA transcript within tissue samples. It can help deﬁne the spa-
tial–temporal patterns of gene expression within cells and tissues.
To reveal the status of Ftx regarding XCI, Chureau et al. analyzed
its expression by RNA-FISH in the course of female ES cell differenti-
ation [45]. In undifferentiated cells, two pinpoints of Ftx are detected
in the vicinity of the Xist/Tsix signal. During differentiation, about
half of the cells cannot detect the Ftx signal from the Xist RNA-
coated chromosome. However, in the other half, two Ftx signals con-
tinue to be detected, one of which is located at the periphery of the
Xist domain. RNA-FISH analysis of the location of MALAT1 indicated
that MALAT1 is enriched in nuclear speckles in interphase cells, and
concentrates in mitotic IGCs, a structural analog of nuclear speckles
present in mitotic cells [46]. Sasaki et al. adopted RNA-FISH to reveal
that the MEN ε/β signal is localized to discrete puncta, indicative of
nuclear bodies, which were present in all cell lines examined [47].
In addition, RNA-FISH was performed on E12.5 placental sections to
detect Kcnq1, Kcnq1ot1 and Xist. The result suggests that Kcnq1ot1
forms a domain where genes located inside have the potential to
be epigenetically inactivated, whereas genes located outside of this
domain do not [48].
3.3. RNA interference
RNA interference (RNAi) is a system within living cells that are in-
volved in controlling which genes are active. The selective and robust
effect of RNAi on gene expression makes it a valuable research tool,
both in cell culture and in living organisms because synthetic dsRNA
introduced into cells can induce suppression of speciﬁc targets of in-
terest [49].
Ørom et al. used the RNAi technology to deplete a number of
ncRNAs which led to decreased expression of their neighboring
protein-coding genes, including the master regulator of hematopoie-
sis, SCL (also called TAL1), Snai1 and Snai2, suggesting that lncRNA
plays an enhancer role in human cell lines [26]. To address the biolog-
ical function of COLDAIR, RNA interference (RNAi) was used to knock
down expression of COLDAIR in the GFP::CLF line. Many of the RNAi-
78 B. Yan et al. / Genomics 99 (2012) 76–80expressing transgenic lines showed late ﬂowering after vernalization,
revealing that COLDAIR knockdown compromises the vernalization
response [50]. Willingham et al. created an arrayed library of short
hairpin RNAs (shRNAs) directed against 512 evolutionarily conserved
putative ncRNAs and, via cell-based assays [7]. They have identiﬁed a
ncRNA repressor of the nuclear factor of activated T cells (NFAT),
which interacts with multiple proteins including, members of the
importin-β superfamily and likely functions as a speciﬁc regulator
of NFAT nuclear trafﬁcking. HOTAIR is a modular bifunctional RNA
that has distinct binding domains for PRC2 and LSD1 complexes.
RNA interference (RNAi) of HOTAIR can abrogate the interaction be-
tween PRC2 and LSD1, revealing that HOTAIR is required to bridge
this interaction, and serves as a scaffold for at least two distinct his-
tone modiﬁcation complexes [51]. Depletion of gadd7 by short hair-
pin RNA knockdown can signiﬁcantly reduce lipid and non-lipid
induced ROS. Furthermore, depletion of gadd7 delays and diminishes
ROS-induced endoplasmic reticulum stress, suggesting that the non-
coding RNA gadd7 is a regulator of lipid-induced oxidative and endo-
plasmic reticulum stress. In addition, knockdown of HOTAIRM1 quan-
titatively blunted RA-induced expression of HOXA1 and HOXA4
during the myeloid differentiation of NB4 cells, and selectively atten-
uated induction of transcripts for the myeloid differentiation genes
ITGAM and ITGB218, but did not noticeably impact the more distal
HOXA genes. These ﬁndings suggest that HOTAIRM1 plays a role in
the myelopoiesis through modulation of gene expression in the
HOXA cluster [52].
3.4. LNA method
Locked nucleic acids (LNAs) are nucleic acid analogs in which the
ribose ring is “locked” by a methylene bridge between the 2′ oxygen
and the 4′ carbon. LNA bases form standard Watson–Crick base pairs
but increase the rate and stability of the base pairing reaction [53].
Sarma et al. used LNAs' approach to reveal the relative location of
polycomb repressive complex 2 (PRC2) and Xist, suggesting that
LNAs provide a tool for studying an emerging class of regulatory
RNA [54].
4. The methods to research the lncRNA–protein interaction
Previous studies have shown that lncRNAs could regulate gene ex-
pression via interactions with chromatin-modifying complexes and
potentially altering chromatin at gene promoters to affect their tran-
scriptional output. Alternatively, non-coding RNAs could also form
RNP complexes with transcription factors and modulate transcription
factor activities. Thus, the study on the lncRNA–protein interaction
contributes to uncover the mechanisms and importance of lncRNAs
in the biological process.
4.1. RNA immunoprecipitation (RIP)
RNA immunoprecipitation is a method used to determine the lo-
cation of RNA binding sites on the genome for a particular protein of
interest. This technique gives a picture of the protein–RNA interac-
tions that occur inside the nucleus of living cells or tissues. Zhao
et al. used the RIP method to identify RepA, Xist, and Tsix as
PRC2-interacting RNAs [55]. Pandey et al. performed RIP to reveal
that Kcnq1ot1 interacts with both H3K9 and H3K27 methyltrans-
ferases in a lineage-speciﬁc fashion, which is consistent with the dif-
ferences in the repressive histone modiﬁcations H3K27me3 and
H3K9me3 in the Kcnq1 domain [56]. 890-bp region is an important
feature of the Kcnq1ot1 RNA that is required to maintain DNA
methylation over some of the ubiquitously imprinted genes,
Mohammad et al. used the RIP assays to reveal that Dnmt1 is a
Kcnq1ot1-interacting protein [56].4.2. RIP-Chip
RIP-Chip is immunoprecipitation of a RNA-binding protein
coupled to reverse transcription and a microarray. It has been used
to ﬁnd interactions between RNA and protein (one protein but
many RNA species per analysis) (Jain et al.). Mammalian genome en-
codes >1000 long intergenic noncoding (linc) RNAs that are clearly
conserved across mammals [57]. Ahmad et al. employed RIP-Chip ex-
periments to reveal that a large number of linc RNAs associate with
chromatin-modifying complexes and affect gene expression. Poly-
comb proteins play essential roles in stem cell renewal and human
disease [58]. In mouse embryonic stem cells, Mohamed et al. used
the RIP-Chip method to reveal that some conserved lncRNAs tran-
scriptionally regulated by POU5F1 and NANOG and Nanog may regu-
late the pluripotency [59]. Zhao et al. used the RIP-Chip method to
capture the PRC2 transcriptome and identify a genome-wide pool of
>9000 PRC2-interacting RNAs. The transcriptome includes antisense,
intergenic, and promoter-associated transcripts, as well as many
unannotated RNAs [60].
4.3. ChIRP-Seq
ChIRP-Seq is a high-throughput sequencing method to discover
RNA-bound DNA and proteins. The RNA sequences of interest are hy-
bridized to oligonucleotide tiles using biotin/streptavidin. The chro-
matin fraction that is bound to the beads is then determined using
high-throughput sequencing. Ci et al. used the ChIRP-Seq to illumi-
nate the intersection of RNA and chromatin with newfound precision
genomewide. Drosophila roX2 RNA occupies male X-linked gene bod-
ies with an increasing tendency toward the 3′ end. Human telome-
rase RNA TERC occupies telomeres and Wnt pathway genes. HOTAIR
lncRNA preferentially occupies a GA-rich DNA motif to nucleate
broad domains of Polycomb occupancy and histone H3 lysine 27 tri-
methylation [61].
5. Bioinformatics
Compared with time-consuming and expensive methods, compu-
tational prediction of the function of lncRNAs is attracting increasing
attention. The accurate and convenient approaches are able to rapidly
generate helpful information for further veriﬁcation. Liao et al.
reported ﬁrstly how to computationally annotate the functions of
lncRNAs based on public microarray expression proﬁles [62]. Based
on topological or other network characteristics, such as module shar-
ing, association with network hubs and combinations of co-
expression and genomic adjacency, they annotated the functions of
approximately 340 lncRNAs which mainly involve organ or tissue de-
velopment, cellular transport or metabolic processes.
Michelhaugh et al. investigated whether some lncRNA sequences
were fortuitously represented on commonly used microarrays, then
used this annotation to assess lncRNA expression in human brain
[63]. To solve the problem, they developed a computational and an-
notation pipeline to identify lncRNA transcripts represented on Affy-
metrix U133 arrays. A previously published dataset derived from
human nucleus accumbens was then examined for potential lncRNAs
expression. Twenty-three lncRNAs were determined to be repre-
sented on U133 arrays. This study presents a paradigm for examin-
ing existing Affymetrix datasets for the detection and potential
regulation of lncRNA expression, including changes associated with
human disease.
To identify lncRNAs that are homologous to protein-coding gene
transcripts, transcript sequences from the Unigene, RefSeq and H-
InvDB databases were mapped onto the human genome and were
examined for overlap with pseudogene annotations. These annota-
tions were taken from the VEGA http://vega.sanger.ac.uk/ and
http://pseudogene.org websites. They pooled these datasets with
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pseudogenes, from previous analyses. They discovered thousands of
cases of transcribed pseudogene annotations in the human genome,
and ﬁltered the list to identify potential cases [64]. In a complemen-
tary analysis, they used the comparative mammalian genomics ap-
proach coupled with evolutionary analysis, and identiﬁed a small
population of conserved lncRNAs that are potentially functional
[65]. Liao et al. developed a practical and user-friendly web interface
called ncFANs (non-coding RNA Function Annotation server), which
is the ﬁrst web service for annotation of human and mouse lncRNAs
[66]. Based on the re-annotated Affymetrix microarray data, ncFANs
provides two alternative strategies for lncRNA annotation. One uses
three aspects of a coding–non-coding gene co-expression (CNC)
network, and the other identiﬁes condition-related differentially
expressed lncRNAs. ncFANs introduces a highly efﬁcient way of re-
using the abundant pre-existing microarray data. The present ver-
sion of ncFANs includes re-annotated CDF ﬁles for 10 human and
mouse Affymetrix microarrays, and the server will be continuously
updated with more re-annotated microarray platforms and lncRNAs
data. ncFANs is freely accessible at http://www.ebiomed.org/
ncFANs/ or http://www.noncode.org/ncFANs/. Bellucci et al. recently
developed catRAPID, a method to perform large-scale predictions of
RNA and protein associations [67]. The algorithm evaluates the in-
teraction propensities of polypeptide and nucleotide chains based
on physicochemical properties. The algorithm is freely available
at http://big.crg.cat/gene_function_and_evolution/services/catrapid.
Their result suggested that catRAPID reliably predicts ribonucleopro-
tein associations. The prediction by catRAPID will guide experimen-
tal approaches and facilitate a deeper understanding of the role of
lncRNAs in post-transcriptional regulatory networks. In addition,
Bellucci et al. introduced a method to perform large-scale predic-
tions of protein–RNA associations using their physicochemical
properties. The algorithm is freely available at http://big.crg.cat/
gene_function_and_evolution/services/catrapid. The method called
catRAPID will guide experimental approaches and facilitate a deeper
understanding of the role of lncRNAs in post-transcriptional regula-
tory networks [67].
6. LncRNA annotation and relevant database
There is a great need to annotate lncRNAs so that researchers
know what to look for, know if they ﬁnd something new and know
how to name what they ﬁnd. Several cataloging and annotation ef-
forts are underway.
Mattick established a database (http://www.lncrnadb.org/) espe-
cially for lncRNAs which is validated by experimental data. Entries
are manually curated from the research literature and linked to the
University of California Santa Cruz Genome Browser and Noncoding
RNA Expression database [68]. The Havana team of the ENCODE (En-
cyclopedia of DNA elements) consortium is annotating lncRNAs in the
human genome. They use a combination of RNA-seq data, chromatin-
state maps and computer algorithms to identify lncRNAs. In addition,
FANTOM (functional annotation of the mammalian genome) a large
international consortium led by scientists at the RIKEN Yokohama In-
stitute has documented tens of thousands of non-coding RNA tran-
scripts in mouse tissues at several stages of development.
To enable the systematic compilation and updating of the ﬁndings
on lncRNAs, many public repositories have been conducted, such as
the Noncoding RNA Expression Database (NRED), which provides
gene expression information for thousands of lncRNAs in human
and mouse. The database can be accessed at: http://jsm-research.
imb.uq.edu.au/NRED, and the web interface enables both advanced
searches and data downloads [20].
LncRNAdb database provides a comprehensive list of lncRNAs that
play biological roles in eukaryotes. The database is available at: http://
www.lncrnadb.org/. Each entry contains referenced informationabout the RNA, including sequences, structural information, genomic
context, expression, subcellular localization, conservation, functional
evidence and other relevant information. lncRNAdb can be searched
by querying published RNA names and aliases, sequences, species
and associated protein-coding genes, as well as terms contained in
the annotations, such as the tissues in which the transcripts are
expressed and associated diseases. It provides a platform for the on-
going collation of the literature pertaining to lncRNAs and their asso-
ciation with other genomic elements [62].
RNAdb is a comprehensive database of mammalian non-protein-
coding RNAs (ncRNAs). There are also some nucleotide sequences
and annotations about lncRNA information [69].
7. Perspectives
LncRNAs are becoming one of the hot topics in genome research.
They are associated with gene regulatory networks, and their dereg-
ulation may be involved in a large number of complex diseases. Un-
like protein-coding genes and shorter RNAs, lncRNAs are poorly
conserved between species, which makes it more difﬁcult to translate
results from one organism to another and also leads to an additional
uncertainty about whether a given lncRNA is functional.
In situ hybridization, genomic, and structural characteristics, and
the perturbation of their expression by overexpression and siRNA-
mediated knockdown are major tools to explore the roles of lncRNAs.
However, the functional elucidation of lncRNA is still in its infancy.
Elucidating the more subtle cis- and trans- regulatory roles of lncRNAs
may require technological advances in both in vivo imaging of RNAs at
high-resolution and high-throughput identiﬁcation of protein, RNA
and DNA-binding partners of lncRNAs. Furthermore, such experi-
ments should be conducted across a range of diverse species. We
hoped that the recent burst of interest in lncRNAs will foreshadow
resolution of all of these issues from wide-ranging experimental dis-
coveries about the evolution and functional mechanisms of lncRNAs.
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